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Abstract
Temperature is continuously monitored in energy systems to ensure safe operation temperatures,
increase efficiency and avoid high emissions. Most of energy systems operate at high temperature
and harsh environments to achieve higher efficiencies, therefore temperature sensing devices that
can operate under these conditions are highly desired. The interest has increased in temperature
sensors capable to operate and in harsh environments and temperature sensors capable to transmit
thermal information wirelessly. One of the solutions for developing harsh environment sensors is
to use ceramic materials, especially functional ceramics such as pyroelectrics. Pyroelectric
ceramics could be used to develop active sensors for both temperature and pressure due to their
capabilities in coupling energy among mechanical, thermal, and electrical domains. In this study,
two different pyroelectric materials were used to develop two different temperature sensors
systems. First, a high temperature sensor was developed using a lithium niobate (LiNbO3)
pyroelectric ceramic. With its Curie temperature of 1210 °C, lithium niobate is capable to maintain
its pyroelectric properties at high temperature making it ideal for temperature sensing at high
temperature applications. Lithium niobate has been studied previously in the attempt to use its
pyroelectric current as the sensing mechanism to measure temperatures up to 500 °C. Pyroelectric
coefficient of lithium niobate is a function of temperature as reported in a previous study, therefore
a dynamic technique is utilized to measure the pyroelectric coefficient of the lithium niobate used
in this study. The pyroelectric coefficient was successfully measured up to 500 °C with coefficients
ranging from -8.5 x 10-5 C/m2 °C at room temperature to -23.70 x 10-5 C/m2 °C at 500 °C. The
lithium niobate sensor was then tested at higher temperatures: 220 °C, 280 °C, 410 °C and 500 °C
with 4.31 %, 2.1 %, 0.4 % and 0.6 % deviation respectively when compared with thermocouple
measurements. The second phase of this study focused on developing a wireless temperature
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sensor with lead zirconate titanate (PZT) as the pyroelectric material. This wireless temperature
sensor consists of generating current by the PZT when exposed to a rate of temperature change
with time, which was conducted to a built electromagnet to produce a magnetic field. The magnetic
field was captured wirelessly with a milligaussmeter at a certain distance. Pyroelectric property of
PZT (-40x10-5 C/m2 °C at 25 °C) is higher than that of the lithium niobate (-8.5x10-5 C/m2 °C at
25 °C), which was necessary to be able to generate the necessary pyroelectric current to make
magnetic field detectable by the milligaussmeter. The electromagnet body was 3D printed with
ABS material and surrounded with winding wire material. Before attempting a wireless
temperature measurement, several attempts to measure the magnetic field at different distances
away from the electromagnet were done. At the applied heating rates, the milligaussmeter was able
to measure magnetic field up to 1.27 cm away from the electromagnet edge. A PZT sensor with a
thickness of 0.1 cm was tested for use in the wireless temperature measurement configuration. For
more accurate wireless temperature measurements, a similar pyroelectric coefficient measurement
technique as used in phase one was done. The pyroelectric coefficient was found to increase from
-40x10-5 C/m2 °C to -71.84x10-5 C/m2 °C from 25 °C to 122 °C, respectively. The PZT sensor was
then tested for wireless temperature measurement at a distance of 1.27 cm at set temperatures of
100 °C, 150 °C, and 200 °C, and showed a maximum 10.47 % deviation when compared to
thermocouple reading. In order to increase the distance that the wireless temperature sensor can
read, a ferromagnetic material was placed inside the electromagnet. The sensor was tested for
wireless temperature measurement at 1.27 cm, 2.54 cm and 3.81 cm with a maximum deviation of
13.4 %.
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Chapter 1: Introduction and Background
1.1 Introduction
Components in energy systems require continuous monitoring of temperature in order to
maximize efficiency. Temperature is a thermodynamic property that can be measured, thus
components can be pushed to maximum temperature where these can operate safely without
compromising the system [1]. Furthermore, monitoring of temperature on specific components of
a system is desired since an increase or decrease in temperature could potentially compromise
mechanical or chemical properties of a material. It is known that mechanical properties such as
toughness and strength are sacrificed when operation temperature fluctuates [2]. Therefore,
continuous monitoring of temperature is essential for optimal functioning and safety of energy
systems. Many components in energy generation systems can reach extreme temperatures where
these can exceed 1000 °C, corrosive and high pressure environments. A device that can accurately
measure temperature under these conditions is important to assure structural stability and prevent
functionality failure [3-5]. Therefore, development of temperature sensors that can operate in harsh
conditions and wireless temperature sensors are desired. These technologies could reduce the
maintenance cost of sensor’s components as well as their overall price. Small number of
technologies can operate under these conditions while providing high reliability. For these reasons,
a high temperature and wireless temperature sensors are being investigated in this study.
1.2 Background
Several methods to measure high temperature in harsh environments are currently available
including conventional thermocouple, resistance thermometry, SiAlCN ceramics, wireless
thermocouple connector systems, surface acoustic wave (SAW), and radio frequency (RF)
powered induction-capacitance (LC) temperature sensor [3,6-8]. Thermocouples are very
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sensitive and very limited in terms of service life and accuracy. Thermocouples in harsh
environments tend to get corroded due to corrosive chemicals, which can limit its operational
life [2]. Conventional thermocouples are composed of two wires of different material that meet
at two ends, the different materials develop a voltage difference between them and is
transferred to the other end where the temperature is read. When exposed to high temperature,
the metal of the wires can get corroded and malfunction usually occurs [2]. Furthermore,
conventional thermocouples cannot be used in every application, sometimes wiring is not
desired in the energy system where wire can obstruct the closure of a sealed environment.
Resistance thermometry uses the temperature dependence of electrical resistance of conductive
material to measure temperature between -260 °C and 962 °C. Theoretically any conducting
material can be used as a resistive temperature sensor but the limitation for selection of
materials are considered in terms of temperature resistance, cost and resistance to oxidation
[9]. Limitations of existing intrusive temperature measurement methods emphasize the strong
need for high temperature sensing in harsh environments [2,10,11].
A ceramic sensor made out of polymer-derived SiAlCN ceramics (PDCs) has been
experimented for high temperature wireless sensing [7]. In this study, a temperature sensor
using PDC and an embedded system were tested. PDC sensors are resistive sensors that
transmit their signals through a WiFi port on the embedded circuit. The cost for the
manufacturing and deplorability to the public for real life applications is high for this
application. The total fabrication process for a single PDC ceramic sensor is approximately
fifty-two hours, and there is complexity with keeping the purity of the sample if the fabrication
is not carried out in high-purity nitrogen to avoid as much contamination as possible. One
major disadvantage would be the Wi-Fi port and hotspot since signal can be easily lost. The
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company Omega has developed a wireless thermocouple connector system that transmits radio
frequency signals, which transfers the thermocouple’s information to a host receiver [8]. It has
a universal adaptor which allows for different connectivity types of thermocouples. According
to Omega, the system is powered by a battery that lasts 1.5 years at a rate of 1 sample per
minute at room temperature. However, if temperature needs to be monitored at a much higher
frequency, then the battery would need to be replaced much more often. In this setup, Omega’s
wireless temperature sensor is a particularly expensive system because all the necessary
components to function are sold separately which include: the thermocouple connector,
transmitter, receiver, and battery replacements.
RF powered LC temperature sensor was developed by the department of mechanical
engineering at the University of Puerto Rico [3]. A passive LC resonant telemetry scheme,
which relies on a frequency output that communicates a sensor made of a high-K temperature
sensitive ceramic material with a reader in order to measure the temperature with no physical
contact. An electrical capacitor is the design principle of the temperature sensor. The capacitor
acts as the temperature sensor since its dielectric constant variates linearly with temperature,
therefore capacitor’s capacitance changes according to its exposed temperature. Oscillating
current on the reader’s antenna generates magnetic field which can be transferred to the
sensor’s antenna, an alternating voltage is induced in the sensor at a constant frequency.
Frequency changes with environment’s temperature and therefore antenna from the reader
picks up the varying frequency signal from the sensor. However, the outputting frequency from
sensor can be easily disrupted by electromagnetic interference (EMI). EMI can alter the LC
circuit by electromagnetic induction causing an inaccurate temperature measurement.
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Temperature sensing by using surface acoustic wave (SAW) is also used. It works by
inducing an acoustic wave to a piezoelectric material where the energy from the acoustic wave
is reconverted to an electrical signal for temperature measurement [12].
1.3 Pyroelectricity
The pyroelectric effect can be described as the change in instantaneous polarization in
solids as a function of temperature. However, pyroelectric polarization is not hold for long time
due to the absence of perfect insulation and possible existence of free charges on the surface of the
pyroelectric material. While every ferromagnetic material is pyroelectric, every pyroelectric
material is not necessarily ferromagnetic. This will depend on the asymmetry of the crystal
structure that could prevent the total polarization reversal or a high coercive field exceeding the
electrical breakdown that might not permit a pyroelectric to be ferroelectric. The pyroelectric effect
can be described with the following Equation (3) [13],
𝑑𝑃𝑖 = 𝑝𝑖 𝑑𝑇

(1)

where 𝑑𝑃𝑖 is the change in spontaneous polarization and 𝑝𝑖 the pyroelectric coefficient as a
function of temperature, dT is the temperature change. The pyroelectric effect is fully governed by
the temperature dependent pyroelectric coefficient and the rate of temperature change with time.
If the pyroelectric ceramic is attached with electrodes on top and bottom and an ammeter is
connected in series, then pyroelectric current can be measured. When the sample experience
constant temperature, then no current flow will be measured due to constant polarization. When
the pyroelectric material experiences a heating temperature rate with time, the spontaneous
polarization decreases as well as bound charge. The free charges start to replace the decrease in
bound charge resulting in a pyroelectric current flow passing through the polarization direction as
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seen in Figure 1 (a). When the crystal experiences decrease in temperature then the pyroelectric
current sign is the opposite as demonstrated in Figure 1 (b).

Figure 1: (a) Current generated when heating rate with time is experienced (b) Current sign is
reversed when cooling rate with time is experienced.
If the temperature change in the pyroelectric material is caused by radiation being
absorbed, then the pyroelectric effect must be equivalent to the detection of radiation. A
pyroelectric material consists of a thin crystal with electrode surface oriented to normal to
polarization vector. When radiation is absorbed, the temperature of the crystal changes as well as
its electric polarization. As a result, the pyroelectric material becomes a capacitor with capacitance
varying with temperature. Therefore, the pyroelectric crystal will generate current as Equation (2):
I=

𝑑𝑄
𝑑𝑇
= −𝑝𝐴
𝑑𝑡
𝑑𝑡

(2)

where Q is the electric charge, p is the pyroelectric coefficient, A is the electrode surface area and
𝑑𝑇
𝑑𝑡

is the rate of temperature change with time. If Equation (2) is integrated charge becomes

Equation (3) [14].
𝑇𝑓

𝑄 = ∫ 𝑑𝑄 = ∫ 𝐼𝑑𝑡 = −𝑝𝐴(𝑇𝑓 − 𝑇𝑖 )

(3)

𝑇𝑖

As seen in Equation (3), charge depends on the temperature deifference rather than the
rate of temperature change.
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Pyroelectric effect is similar to piezoelectric effect where piezoelectric materials get
polarized with mechanical stress. Pyroelectric is also different from thermoelectric generator,
which converts heat to electrical energy when a hot and a colder end occurs on the thermoelectric
generator based on the Seebeck effect [15]. On the other hand, pyroelectric materials generate
current when exposed to rate of temperature change with time. Studies utilizing the pyroelectric
properties of ceramics are being used to successfully harvest the heat waste [16]. As mentioned
before the generated current is proportional to the temperature change. Therefore, pyroelectricity
can be used for temperature sensing using pyroelectric materials.
1.4 Pyroelectric Materials
As mentioned before, the temperature change in a pyroelectric material changes its degree
of polarization which leads to generation of current. There is a primary and secondary pyroelectric
effects, the primary effect is related to the condition when the material is perfectly clamped under
constant strain; having an evenly distribution of heat. While the secondary pyroelectric effect is
related to the thermal expansion inducing strain on the material, which alters the electric
displacement via piezoelectric effect [17]. Using tensor notation, the piezoelectric and pyroelectric
effect had been separated using Equation (4) [18],
𝑃𝜎,𝐸 = 𝑃𝑥,𝐸 + 𝑑𝑖𝑗 𝐶𝑖𝑗𝐸 𝛼𝑖𝐸

(4)

where subscript x corresponds to conditions at constant strain, 𝑑𝑖𝑗 are the piezoelectric coefficients,
𝐶𝑖𝑗 are the elastic constant and ∝ the thermal expansion coefficient; where the term
𝑑𝑖𝑗 𝐶𝑖𝑗𝐸 𝛼𝑖𝐸 is called the secondary pyroelectric coefficient [18].
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Table 1: Materials with their respective pyroelectric properties

Material

Pyroelectric
Coefficient
(𝟏𝟎−𝟓 𝐂 °𝑪−𝟏 𝒎−𝟐 )

Curie
Temperature
(°C)

Triglycine sulphide SC (TGS)

-28

49

Lead Magnesium niobate – led titanate (PMN-179
PT)

121

Lithium Tantalate (LiTaO3)

-17.6

665

Lead Zirconate Titanate (PZT)

-40

350

Lithium Niobate (LiNbO3)

-8.3

1210

Table 1 show materials with their pyroelectric properties including Curie temperature. It
can be seen that triglycine sulphide (TGS) has a high pyroelectric coefficient but has attracted
limited interest since its Curie temperature is only 49 °C and is water soluble and has low strength.
Lead Magnesium niobate – led titanate (PMN-PT) is a material that is bringing a lot of interest
because of its high piezoelectric and pyroelectric properties. Its Curie temperature is comparatively
low at 121 °C and its fabrication is expensive due to its single crystal structure. Lead zirconate
titanate (PZT) is widely used due to its high piezoelectric and pyroelectric properties and its simple
fabrication due to its polycrystalline form at a Curie temperature higher than the materials
mentioned before (approximately 350 °C). Interest in lead free materials is increasing since these
could avoid environmental and health concerns. Lithium tantalate (LiTaO3) which contains no lead
is thermally stable with a Curie temperature of 665 °C. It has relatively lower piezoelectric and
pyroelectric coefficients than PZT, but it can be used on wider applications due to low dielectric
loss and being thermally stable. For high temperature applications, LiNbO3 is being studied due to
its high Curie temperature of 1210 °C [17].
7

In this study, Lead free ceramic Lithium niobate (LiNbO3) has been selected for his
relatively good pyroelectric coefficient and high Curie temperature to be tested in harsh
environment. Lithium niobate was used for the high temperature sensor using wired connection.
On the other hand, lead zirconate titanate (PZT) was chosen for the wireless temperature sensor
because of his higher pyroelectric coefficient than lithium niobate, which was required to transmit
the temperature signal wirelessly.
1.5 Techniques to Measure Pyroelectric Coefficient
In order to use a pyroelectric material as a temperature sensor, then a pyroelectric
coefficient must be calculated since pyroelectric coefficient is a temperature dependent value.
Prediction to understand the pyroelectric coefficient of a crystal structure is still unknown.
However, several analysis have been made to predict the temperature dependent pyroelectric
coefficient. Quantitative measurements of pyroelectric coefficient can be divided in three different
methods: static, dynamic and indirect [19]. The static method is based on heating the sample just
above ambient temperature, then the electric charge developed on the pyroelectric material is
compensated by a static charge moved to a capacitor where the material is connected to. A
comparator can be used to compare the charges. Tests are time consuming and often difficult to
perform.
The dynamic method is based on changing the pyroelectric charge continuously by placing
the crystal inside an oven. The sample is heated sinusoidal at a constant rate of temperature change
𝑑𝑇

with time 𝑑𝑡 at a small range of temperature where pyroelectric coefficient is desired to be known.
The pyroelectric current is used to calculate the pyroelectric coefficient as in Equation (5).
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𝑃=

𝐼
𝑑𝑇
𝐴
𝑑𝑡

(5)

The indirect method is used by measuring the instantaneous polarization of a ferromagnetic
material, which can be detected by using the hysteresis loop. Pyroelectric coefficient can be
calculated by differentiating the spontaneous polarization with respect to temperature. This method
is not as usual to be used since accurate measurements of spontaneous polarization need to be done
[19]. The dynamic method has been used for this study since is the simplest one to do and the most
accurate among the other methods. Later on, the setup used to measure the pyroelectric coefficient
is presented.
1.6 Wireless Temperature Sensing Under Harsh Environments
New studies are in demand regarding new ways to measure accurately the temperature of
applications where energy systems work in harsh environments. As mentioned before, most
thermocouples are wired and expensive. Some systems require several temperature measurements
at the same time and wired connections are often undesired. Wireless thermocouples are currently
available for commercially purchase but the cost is often expensive and battery inefficient [8].
Components in turbines that generate energy are usually temperature sensible, especially when
working under harsh environments to be able to maximize their efficiency. Pyroelectric materials
can eventually be embedded in a structure like a turbine blade in order to be able to sense the
temperature of the blade. The signal from the pyroelectric ceramic can potentially pass through the
turbine material and detected by a reader. Embedding these sensors could save potential hazard
for operators due to the wiring while also saving a lot of money used for maintenance of
conventional thermocouples. Pyroelectric ceramics are being studied to potentially fulfill in the
future this necessity. Some ceramics with pyroelectric properties can withstand high temperature
9

and can be used for these applications. This study focuses in two particular ceramics used to
develop a high temperature and a wireless temperature sensing technique explained in the
following section.
1.7 Overall Project Description
The overall objective of this project is to develop a wireless temperature sensor using
pyroelectric ceramics, which can sense the temperature by generating a current when they are
exposed to rate of temperature change with time. The pyroelectric materials chosen for this study
were selected for their high resistance to high temperature and corrosion. The pyroelectric property
of these materials are limited to operate only under specific temperatures. As mentioned before,
these ceramics generate current when exposed to rate of temperature change with time, but their
pyroelectric property can be lost if exposed above material’s Curie temperature. Lithium niobate
(LiNbO3) and Lead Zirconate Titanate (PZT) pyroelectric ceramics were selected for the proposed
project to sense the temperature with wire connection and wireless connection respectively. Unlike
conventional thermocouples, pyroelectric ceramics can be very thin and have a small cross
sectional area to sense the temperature while occupying a minimum space of the heating source.
Pyroelectric materials as sensors can lead to higher efficiency and lower cost over conventional
thermocouples.
This study is divided in two phases. The objective of the first phase is to develop and
demonstrate a method to accurately measure high temperature up to 500 °C by using LiNbO3 as
the pyroelectric material. Lithium niobate has a high Curie temperature (1210 °C), making it
suitable for high temperature sensing. High temperature sensing with pyroelectric material is
proved in phase one. In phase two, a wireless temperature sensor is developed and its functionality
is demonstrated. Lead zirconate titanate (PZT) ceramic material was used as the pyroelectric
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material to power the wireless system developed. PZT and lithium niobate are both pyroelectric
materials and generate current when exposed to rate of temperature change with time. PZT has a
much lower Curie temperature (350 °C) than lithium niobate, but its pyroelectric coefficient is
much higher making it suitable for high current required by the wireless system developed. Curie
temperature dictates the feasibility of the ceramic material for different temperature range and
pyroelectric coefficient dictates the response (current generation) of ceramic material with rate of
temperature change with time.
For the first phase of the project, the pyroelectric ceramic lithium niobate was used as the
material to experience rate of temperature change with time and sense the temperature. The lithium
niobate sensor was prepared with electrical wires connected on top and bottom of the ceramic and
used as electrodes. Electrodes were connected in series with a picoammeter to measure the current
output of the lithium niobate. The current measured is then used to calculate the temperature sensed
by the lithium niobate.
For the second phase, the PZT was connected with the picoammeter and a built
electromagnet in series. PZT was placed on top of a heating source, which induced a rate of
temperature change with time on the pyroelectric ceramic that consequently generated electrical
current. The generated current then passed through the electromagnet inducing a magnetic field
that was measured with a milligaussmeter at a certain distance apart from the edge of the
electromagnet. From the measured magnetic field, the temperature was calculated and measured
wirelessly. Wireless temperature measurement was tested up to 150 °C using PZT material.
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Chapter 2: Experimental Method and Technical Approach
This study is composed of two related projects, where the findings of the first one lead to
the other project. Therefore, the projects have been divided into two different phases. The first
phase is dedicated to develop a high temperature sensor by using a commercial lithium niobate
(LiNbO3) ceramic as the pyroelectric sensor. Investigation of the temperature dependent
pyroelectric coefficient was done before accurately measure temperature up to 500 °C. In the
second phase, a wireless temperature sensor was developed with the use of lead zirconate titanate
(PZT) as the pyroelectric ceramic. The principle is principle, the pyroelectric current generated by
ceramic is passed through an electromagnet, which induces magnetic field and detected by a
milligaussmeter at a certain distance. The magnetic field measured is proportional to the
pyroelectric current from sensor, thus temperature experienced on the sensor can be know
wirelessly.
2.1 First Phase – High Temperature Sensor
This section talks about the development of the high temperature sensor using the lithium
niobate. Section covers the preparation of ceramic sample, temperature measurement concept,
pyroelectric coefficient measurement, methodology used to calculate the temperature and
experimental setup.
2.1.1 Temperature Measurement Methodology
The first phase of this project was to develop a temperature sensor that can operate under
harsh environments. The material selected for this phase was lithium niobate, which was selected
for his high Curie temperature (1210 °C) over materials like PVDF and PZT. As a pyroelectric
material, lithium niobate has a spontaneous polarization that depends on temperature; this means
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that its pyroelectric property is activated when temperature change with time is experienced by the
sample. Once the sample is heated above the Curie temperature of the material, then it losses its
pyroelectric property. Properties like its Curie temperature, corrosion resistant and compact design
make this material favorable for high temperature applications.
Pyroelectric effect as mentioned in the previous chapter is the phenomenon of a material
releasing an electrical charge when exposed to a temperature change. The effect occurs in any
material that has a polar point symmetry, where out of 32 point groups symmetries 10 of them are
pyroelectric [20]. Microscopically, the pyroelectric effect occurs due to the asymmetry of charged
particles within the crystal structure of the material. In other words, the cations are displaced
towards the center of gravity of the unit cell creating an electric dipole moment. The excitation
caused by any temperature change will change its quantized energy level. Therefore, change in
spontaneous polarization or electrical dipole moment will be seen as the pyroelectric effect [20].
Pyroelectric materials generate current when exposed to rate of temperature change with
time as presented in Equation (6):

𝐼=

𝑑𝑄
𝑑𝑇
= −𝑝𝐴
𝑑𝑡
𝑑𝑡

(6)

where Q is the generated charge, p is the pyroelectric coefficient, A is the electrode cross section
area, and dT is the rate of temperature change with time. Equation (6) can be rewritten into
dt

Equation (7) to calculate the temperature of pyroelectric material at any specific time:
𝑇𝑓 = −

1 𝑡𝑓
∫ 𝐼𝑑𝑡 + 𝑇𝑖
𝑝𝐴 𝑡𝑖
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(7)

where

Ti is the initial temperature at time t i (room temperature), and T f is the final temperature

at any specific time t f . The initial temperature, total amount of current for a period of time ( t i to

t f ), surface area (A) and pyroelectric coefficient (p) were used with Equation (7) to calculate the
𝑡

final temperature ( T f ). The total amount of current for any certain period of time (∫𝑡 𝑓 𝐼𝑑𝑡) was
𝑖

calculated using numerical integration with Simpson’s one third rule [21].
Sarker et. al presented previously the feasibility of using lithium niobate as a temperature
sensor using low and high rate of temperature change with time up to 100 C [22-23]. This study
was focused on finding the pyroelectric coefficient of lithium niobate over a range of temperatures
up to 500 C. Once the coefficients for respective temperatures are known, then sensor can
accurately measure the temperature.
2.1.2 Sensor Sample Preparation
A commercially available lithium niobate ceramic was purchased from Gooch & Housego,
Palo Alto. The dimensions of the lithium niobate was 50.8 cm x 50.8 cm x 0.1 cm. A small piece
(1 cm x 1 cm) was cut to be used as the sensor to be experimentally tested. A thermally and high
temperature electrically conductive coating (Aremco, Pyro-Duct 597 C) was used on top and
bottom surfaces of the sensor with a set of nickel-chromium alloy wires as electrodes (Omega
Engineering, Omega NIC-80). An adhesive (Aremco, Pyro-Duct 597 A) was also used to mix with
the conductive coating to help place the wires to the surface of the lithium niobate. Since the
cereamic is very thin (.1 cm), the electrodes were covered with electrical insulation made of high
temperature resistant ceramic sleeve (Mcmaster-Carr) to avoid any possible shortage caused by
contact between the electrodes. Figure 2 shows the lithium niobate sensor with the attached
electrodes and insulation sleeves.
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Figure 2: shows the lithium niobate with electrodes on top and bottom surfaces insulated with
ultra-high ceramic sleeve.
The resistance heating wire selected for this application was nickel-chromium alloy which
is composed of 80 % Nickel and 20 % Chromium, it can operate at temperatures up to 1150 °C.
The coating and adhesive can operate at a temperature up to 927 °C without losing their electrical
conductive and mechanical properties, respectively. The ultra-high temperature ceramic sleeve can
operate at temperatures up to 1400 °C. All these components in addition with the lithium niobate
sensor (Curie temperature of 1210 °C) make the sample preparation fully operational under high
temperature environments. The pyroelectric current response from the sensor (when experienced
rate of temperature change with time) can then be detected when a picoammeter is connected in
series with the sensor through the electrodes placed on top and bottom surfaces of the ceramic.
2.1.3 Pyroelectric Coefficient Measurement of LiNbO3
In order to measure the temperature accurately with a pyroelectric ceramic, then non-linear
pyroelectric coefficient must be measured to be used for temperature calculation [24]. Spontaneous
polarization of lithium niobate is temperature dependent, therefore its pyroelectric coefficient will
change as the ceramic gets heated. Pyroelectric coefficient has been reported to be approximately
-4 x 10-5 C/m2 °C to 16 x 10-5 C/m2 °C in a temperature range of 25 °C and 450 °C respectively.
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Savage et al used a dynamic technique explaned in first chapter for the calcualtion of pyroelectric
coefficient by irritating a lithium niobate sample with pulses of intense light which generated a
pyroelectric signal [24]. The temperature dependent pyroelectric coefficient can then be used in
eq(7) at the desired temperature, this will permit a more accurate temperature measurement than
using the pyroeelctric coefffient as a constant.
Once the experiments took place, it was discovered that pyroeelctric coefficient calculated
by Savage et al [24] gave erroneous temperature measurements by the lithium niobate. The
properties of ceramics will depend on the manufacturing process, therefore the lithium niobate
used in this study might not perfom equally as the one used by Savage. Pyroelectric coefficient at
room temperature of the lithium niobate used in this study is -8.5 x 10-5 C/m2 °C at 25 °C as
provided by vendor. Being unsure of the pyroeelctric coefficient at higher temepratures, led to the
decission to calculate the non-linear pyroeelctric coefficient of lithium niobate. A dynamic method
was used to calcualte the pyroelectric coefficient by utilizing the same sample used for temperature
measurement. The dynamic method requires constant rate of temperature change with time to
improve the accuracy of the test. Therefore, multiple cooling and heating cycles were done to
allow to read the true pyroelectric current response [25]. Since the pyroelectric effect is reversible,
then pyroelectric current should be the same but opposite for the same rate applied during cooling
or heating. The pyroeelctric coefficient was calculated at different temperatures up to 500 °C, these
new values were then used to calculate the temperature measured by the sensor. The procedure
used and results of the pyroelectric coefficient will be later discussed in the next chapter.
2.1.4 Experimental Setup for Pyroelectric Coefficient Measurement of LiNbO3
The pyroelectric coefficient of the lithium niobate is provided by the vendor at room
temperature, but measurements at higher temperatures needed to be done. The pyroelectric
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properties of lithium niobate will not vanish until the ceramic is heated above its Curie temperature
(1210 °C). Therefore, an investigation was done to measure the non-linear pyroelectric coefficient
up to 500 °C. In order to achieve high temperature, a tube furnace (MTI Corporation, OTF-1200
X-S-UL) was used to heat up the sample. The tube furnace can heat up at maximum rate of 10
°C/min and can reach a max temperature of 1200 °C. It has 30 segments of programmable heating
ramping, cooling and constant temperature option. The programmable segments option was used
to control the temperature desired and apply continuously heating and cooling cycles. The prepared
sample was place inside the tube furnace with electrodes coming out to be connected to the
picoammeter (KEITHLEY 6485) for pyroelectric current response. The picoammeter is able to
detect current in the range of 200 fA to 20 mA at speeds up to 1000 readings per second. The
cooling rate in the cycle was difficult to control since the temperature difference on the ambient
and the sample was small at low temperatures. At higher temperatures, the cooling rate becomes
more manageable to control since the temperature difference was higher between ambient and
sample.
2.1.5 Experimental Setup for High Temperature Sensing
The exact same setup from the pyroelectric coefficient measurement was utilized for high
temperature sensing. The only difference here was that temperature cycles of heating and cooling
were not applied to the sample but heat up the sample to a desired temperature at a rate of 20
°C/min. Once the temperature desired was reach, the heating would stop and the sample would
start to cool down by radiating the heat out naturally. The pyroelectric current generated by the
sample was then detected and saved by the picoammeter and computer respectively. A K-type
thermocouple rod was place inside the tube furnace right next to the pyroelectric sample to
compare the temperature measurement to the sensor’s measurement. Both sides of the tube were
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open to the atmosphere to avoid any pressure to build up. Different setup temperatures were input
to the tube furnace and the maximum temperature detected by the thermocouple was 500 °C.
2.1.6 Characterization of Induced Magnetic Field by the Tube Furnace to the Pyroelectric
Material
As mentioned previously, a tube furnace was used as the heating device to give the
temperature difference with time to the pyroelectric material. While measuring the pyroelectric
coefficient of lithium niobate, it was discovered that an induced current independently from the
pyroelectric current was revealed at higher temperatures. This induced current affected the
pyroelectric coefficient measurements since pyroelectric current must be same for cooling and
heating but opposite in sign just as its rate of temperature change with time. Thus, adding induced
current to the sample could led to erroneous pyroelectric coefficient measurements.
The tube furnace used from MTI Corporation works with either 110 VAC or 220 VAC
depending on the power output available of the user. The tube furnace functions based on the
Faraday’s law of induction and Lenz’s law. The tube furnace has an inductive coil around the tube
where alternating current passes through it, becoming the heating source of the furnace [26]. All
metals can conduct electricity while simultaneously resisting the electrical flow, this resistance
reduces the electrical power that reveals in form of heat according to the law of conservation of
energy [26]. Therefore, a high resistivity material is optimal for this application since more heat
can be produced. By alternating the current, the magnetic field is reversed; this causes the eddy
currents (in the heat conductive material) to flow against the material’s electrical resistance causing
it to heat up.
The theory of this problem is that eddy current is induced into the pyroelectric ceramic and
according to ASM international, eddy current can be induced into a workpiece or poor conductor
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of electricity while its intensity is higher on the surface and increases with higher AC frequencies
and higher temperatures. In this study, this phenomenon was observable at higher temperatures,
therefore eddy currents could be the cause of the problem experienced.
In order to attempt to overcome this issue, several experiments were done with a sample of
alumina which is a non-pyroelectric material and high temperature resistance to measure any
induced current by the tube furnace. Also, aluminum and stainless steel sheets were used to
magnetically shield the ceramic to see if it had any blocking effect on the eddy current. Results
will be shown in chapter 3.
2.2 Second Phase – Wireless Temperature Sensor
Second phase is focused on the development of a wireless temperature sensor with a
pyroelectric material as the sensor. The wireless temperature sensor is based on the pyroelectric
effect created by a pyroelectric material when exposed to rate of temperature change with time.
The sensor will generate current when exposed to rate of temperature change, which is then
conducted through conductive wire to a built electromagnet. When current passes through a
conductive wire, a magnetic field is created around it. Therefore, in order to magnify the magnetic
field, a number of turns were wrapped on a tubular plastic (ABS). The magnetic field was then
measured by a milligausmeter at a distance away from the electromagnet. The proposed wireless
temperature measurement technique is possible due to the possibility to read with an external
receiver the wireless signal (magnetic field proportional to pyroelectric current) and the physical
properties of the electromagnet. The electromagnet was built at one of the labs at the university
and adjusted to our desired needs. The temperature measured wirelessly by the pyroelectric sensor
is compared with a surface thermocouple placed on the top surface of the sensor.
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2.2.1 Sensor Sample Preparation
A sheet of lead zirconate titanate 5-A from Piezo Systems inc. was used as the pyroelectric
ceramic sensor. The squared (72.4 mm x 72.44 mm) PZT sheet with thickness of 1.02 mm was
selected over the lithium niobate ceramic due to its higher pyroelectric coefficient, since
pyroelectric current output from lithium niobate ceramic was not enough to drive the
electromagnet and make readable the magnetic field for the milligaussmeter. Table 2 shows the
properties of the commercial PZT used in this project. Sputtered nickel electrodes make the top
and bottom surfaces conductive, therefore no conductive painting was necessary as the one used
on the lithium niobate in phase one. Polarization of this PZT sheet is through its thickness direction,
therefore copper tape electrodes were placed on top and bottom surfaces of the PZT ceramic to
help conduct the electrical pyroelectric current out of the. The PZT was connected in series with
the electromagnet and with the picoammeter, the current recorded by the picoammeter was used
to measure the temperature in a similar way as in phase one.
Table 2: Dimensions and properties of commercially bought PZT (Piezo Systems inc.)
Dimensions (mm)

72.4×72.4×1.02

Density (kg/m3)

7800

Curie Temperature (ºC)

350

Relative Dielectric Constant (@ 1KHz) KT3 = 1800
Pyroelectric Coefficient (C/ ºCm2 @ 25
-40x10-5
ºC)
Piezoelectric “d” Coefficients (x10-12 d31=-190 d33=390
C/N)
Polarizing Field (V/m)

>2x106
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2.2.2 Quantification of Magnetic Field at a Distance from Electromagnet
As mentioned in the beginning of the chapter, the pyroelectric current from a PZT ceramic
was used to develop a self-powered wireless temperature sensor. The PZT when exposed to a rate
of temperature change with time, a pyroelectric current was then generated. The current was then
supplied to the electromagnet which generated magnetic field and then read by a milligaussmeter
(Alpha Lab Inc, Trifield) at a certain distance. In order to measure the temperature wirelessly, the
measured magnetic field was calibrated.
The magnetic field generated by the electromagnet is a function of the pyroelectric current
supplied by the PZT, electromagnet length, and number of turns of wire around the electromagnet.
The relationship between the magnetic field, current and physical parameters of the electromagnet
is by the following Equation (8),
𝐵=

𝜇0 𝑁𝐼
𝐿

(8)

where 𝜇0 is the magnetic permeability of free space, N is the number of turns of the wire around
the electromagnet, I is the current passing through the electromagnet, and L is the length of the
electromagnet. The magnetic field acting on the center axis of the electromagnet is higher in the
center than at the edge of the electromagnet. To quantify the magnetic field detectable at certain
distance from the edge of the electromagnet the following equation can be used (9)
𝐵=

𝜇0 𝑁𝐼
𝐿+𝐷
𝐷
[ 2
− 2
]
2
.5
2𝐿 [𝑅 + (𝐿 + 𝐷) ]
(𝑅 + 𝐷2 ).5

(9)

where R is the radius, D is a certain distance from the edge of the electromagnet along the center
axis of the electromagnet as shown in Figure 3.
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Figure 3: show the physical parameters used to calculate the theoretical magnetic field

As specified by Equation (9), the magnetic field is a function of the current supplied to the
electromagnet, distance from milligaussmeter probe to edge of electromagnet and electromagnet’s
physical dimensions. The supplied current depends on the rate of temperature change with time
applied to the pyroelectric sensor which is usually restrained. Alternatively, increasing the number
of turns will increase the radius of the electromagnet, as schematically shown in Figure 3, where
R1 is the inner radius of the electromagnet, while R2 is the outer radius of the electromagnet when
multiple turns of conductive wire are used within a length L. If these new radiuses are taken into
consideration, the magnetic field along the axis of an electromagnet at a certain distance is defined
in Equation (10) by integrating over the radius,

𝐵=

√𝑅22 + (𝐿 + 𝐷)2 + 𝑅2
√𝑅22 + 𝐷2 + 𝑅2
𝜇0 𝑁𝐼
[(𝐿 + 𝐷)𝑙𝑛
− 𝐷𝑙𝑛
]
2𝐿(𝑅2 − 𝑅1 )
√𝑅12 + (𝐿 + 𝐷)2 + 𝑅1
√𝑅12 + 𝐷2 + 𝑅1
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(10)

2.2.3 Wireless Temperature Measurement Methodology
In Equation (10), current I is the only variable while everything else remain constant since
these are physical parameters of the electromagnet. Equation (10) can be rewritten into equation
(11) which develops into equation (12),
𝐵 =𝐶∗𝐼

𝐼=

(11)

𝐵
𝐶

(12)

where C is the constant that equals the multiplication of all the physical parameters of
electromagnet found in Equation (10) including length, number of turns, inner radius, outer radius,
distance from the edge of the electromagnet, and magnetic permeability of free space. Equation
(12) can be placed into Equation (7) to calculate the temperature sensed by the pyroelectric
material as finally expressed in Equation (13).
𝑡𝑓
1 𝑇𝑓
1
𝑇𝑓 = −
∫ 𝐼𝑑𝑡 + 𝑇𝑖 = −
∫ 𝐵𝑑𝑡 + 𝑇1
𝑝𝐴 𝑇𝑖
𝑝𝐴𝐶 𝑡𝑖

(13)

Where B being the amount of magnetic field measured by the milligaussmeter from a
period of time from tf to ti, are used to calculate final temperature Tf. Here Tf is the temperature
measured by the pyroelectric material at any instantaneous time, which is a function of magnetic
field. Numerical integration with Simpson’s one third rule [21] was used to calculate the total
𝑡

amount of magnetic field for any certain period of time (∫𝑡 𝑓 𝐵𝑑𝑡), thus Equation (13) can be used
𝑖

to determine the temperature measurement by the PZT sensor.
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2.2.4 Experimental Setup for Pyroelectric Coefficient Measurement of PZT
Similarly, as done to the lithium niobate in phase one, pyroelectric coefficient
measurements were done to the PZT by using the dynamic method. A commercial PZT sample
with dimensions of 25.4 mm by 25.4 mm by 1 mm was used for the pyroelectric coefficient
measurement. In order to apply rate of temperature change with time to the sample, two heating
devices were used for this purpose. First a thermoelectric generator was used to measure the
pyroelectric coefficient of PZT at room temperature and then it was compared with the value given
by the vendor. The thermoelectric generator (TEG) work under the Peltier effect, which occurs
when current passes thorough the TEG heating up one end and cooling down the opposite end
[27]. A DC power supply was connected to the TEG through a polarity reversing circuit that could
be controlled to achieve similar cooling and heating rates desired for pyroelectric coefficient
measurement. A thermocouple on top of the sample was used as a temperature reference and to
calculate rate of temperature change with time used. A picoammeter was used to record the
pyroelectric response to calculate the pyroelectric coefficient. Set up to measure the pyroelectric
coefficient at low temperature (25-46 °C) is shown in Figure 4.
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Figure 4: shows how the PZT was placed on top of the thermoelectric device for temperature
fluctuation
Measuring the pyroelectric coefficient at higher temperatures was difficult to achieve with
the thermoelectric since its cooling rate was difficult to match with the heating rate. As the dynamic
method says, several heating and cooling cycles need to be done at the same heating and cooling
rate to get more accurate measurements. In order to get similar heating and cooling rates, three
other methods were attempted. First, the tube furnace used on phase one was set up to do heating
and cooling cycles at around 100 °C to 120 °C. The problem was that the cooling rate would be
much lower than the heating rate because of the insufficiency heat transfer from the heated PZT
sample to the ambient temperature. A silicon heating pad (Omega Engineering) was used to apply
the heating and cooling to the PZT sample by turning on and off the power output of a DC power
supply. The heating rate of the pad depends on how much power is applied to it, several power
settings (15-25 watts) were used to get the optimum temperature where the cooling rate would
match with the heating rate. The temperature fluctuation was given to the PZT sample with a
maximum temperature of 107 °C. A thermocouple was placed on the top surface of the PZT sample
to keep track of the temperature as seen in Figure 5.
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Figure 5: demonstrates the setup used to measure the pyroelectric coefficient using a heating pad
as the heating source

The heating pad would not go higher than 120 °C and to control the heating and cooling
rates was very difficult at that temperature. Therefore, to measure the pyroelectric coefficient at
higher temperatures a heating gun was used. The PZT was placed on top of an alumina thin layer
to electrically insulate from the metallic table where the test was conducted. The heating gun was
placed on a stand and pointed the heating output tube of the gun right to the PZT sample. A
thermocouple on the bottom surface of the PZT was placed to avoid any disruption or inaccurate
readings because of the possible fast contact of the heated air to the surface thermocouple.
Insulation tape was used to cover the bottom surface where the thermocouple was to avoid
problems mentioned previously. The pyroelectric coefficient was successfully measured for a
temperature range of 107 °C to 122 °C.
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2.2.5 Building of the Electromagnet
An electromagnet was 3D printed with acrylonitrile butadiene styrene (ABS) material at
the 3D printing laboratory at the university. 30 gauge motor winding wire (McMaster-Carr) made
of copper, insulated to avoid shortage on the electromagnet. The ABS structure was printed in
three sections and then assembled together with Gorilla Adhesive (McMaster-Carr). Two 127 mm
diameter walls were glued to the middle section to be able to hold as much winding wire as
possible. The middle section was designed to fit a rectangular milligauss meter probe to measure
the magnetic field at the center of the electromagnet. It was possible to wind only 6935 turns of
wire around the middle section since the glue would no longer hold the pressure created by the
copper wire. The two ends of the wire were peeled and were connected in series with the
picoammeter and the PZT sensor. Table 3 shows the physical parameters of the electromagnet
while Figure 6 shows the actual picture of the electromagnet.
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Figure 6: Shows the built electromagnet, (a) demonstrates the space in the middle left to place
the probe of the milligaussmeter, (b) show the winding of the wire around the electromagnet

Table 3: Shows the physical parameters of the electromagnet built
Number of Turn
Length
Inner Diameter
Outer Diameter
Magnetic wire

6935
1.27 cm
3.8 cm
7.4 cm
30 Gauge/ copper ( enamel coated)

2.2.6 Wireless Temperature Sensing Setup
For wireless temperature measurement with a pyroelectric ceramic material, a 7.24 X 7.24
cm PZT-5A sample with thickness of .1 cm was tested. PZT sample was tested on a hot plate,
which induced a rate of temperature change with time on the ceramic. A surface thermocouple was
placed in the center of the top surface of the sample for temperature reference. The current
generated by the PZT was supplied to the built electromagnet in order to generate the required
magnetic field used for the wireless temperature sensing. An aluminum foil was attached to the
surface of the hot plate with a high temperature Kapton tape (McMaster-Carr). The aluminum
sheet was placed to try to slow down the rapid heat conduction from the hot plate to the sensor for
better data since it was seen that direct contact of sensor to the hot plate would generate a lot of
noise in some occasions. The kapton tape was also used as insulator to isolate the copper tape
electrode used on the bottom surface and the aluminum foil attached to the hot plate. A
picoammeter was connected in series with the electromagnet and PZT sample to measure the
current passing through the electromagnet. A DC milligaussmeter was used to measure the
magnetic field generated by the electromagnet, the probe of milligaussmeter was placed at
different distances away from the center of the electromagnet to successfully prove the wireless
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temperature measurement concept. The setup used wireless temperature sensing is shown in Figure
7.

Figure 7: Demonstrates the setup used for wireless temperature sensing

The generated magnetic field was measured at different distances to establish the minimum
magnetic field that the milligaussmeter could detect given the current supplied by the PZT. The
probe was placed at the center, at the edge of the electromagnet, at 1.27 cm and at 1.54 cm away
from the electromagnet. The magnetic field was still visible at a distance of 1.54 cm but if probe
was placed further, then recognizing the magnetic field produced by the electromagnet would be
relatively hard due to the magnetic field detection range of the milligaussmeter. Furthermore, the
probe of the milligaussmeter was very sensible to the electromagnetic noise during testing, several
methods were tried to block this undesired magnetic field. Aluminum and stainless steel foil were
used to wrap the probe acting as magnetic shielding leaving open the most sensible surface for
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magnetic field detection. Also, covering all the setup with aluminum foil was done but no blocking
of magnetic field from the environment was visible on either method.
According to the magnetic field measurements at different distances, a distance of 1.27 cm
from the edge of the electromagnet was selected for being the longest distance at a detectable
magnetic field that the milligaussmeter could read. The temperature was measured in three
different ways, first by theoretically calculating the magnetic field according to the current
detected by the picoammeter as in Equation (9). Second, the experimental magnetic field that was
detected by the milligaussmeter was used to measure the temperature wirelessly as in Equation
(13). And lastly, the two temperature measurements were compared with the thermocouple placed
on the PZT sample.
The magnetic field can be intensified by introducing a core material with a high relative
permeability in the center of the electromagnet, multiplying the magnetic field as a factor of the
magnetic permeability as seen in Equation (8). Therefore, an iron rod was inserted through the
center of a 3D printed electromagnet to magnify the magnetic field using the same amount of
current, while allowing the milligaussmeter to measure magnetic field at longer distances. The
core magnified the magnetic field and permitted to be measured at longer distances.
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Chapter 3: Results and Discussions
This section’s objective is to present all the results and discuss the findings of each
experiment. As presented previously, this section is divided in three phases with the objective to
focus the results on each individual project presented.
3.1 First Phase Experimental Results: Development of a Self-Power High Temperature
Pyroelectric Sensor
The first phase is dedicated to discuss the high temperature sensing with a pyroelectric
ceramic. The material used in this project was lithium niobate and was selected for its high Curie
temperature (1210 °C). The material is tested inside a tube furnace with the objective to
successfully measure the experienced temperature by the sample by utilizing a temperature
dependent pyroelectric coefficient found in literature. The measured temperature was found not as
accurate; therefore, several experiments were done to characterize the pyroelectric coefficient of
the lithium niobate used in this project. During the pyroelectric coefficient measurement, it was
discovered that the tube furnace at high temperature induced an undesired current to the sample.
This issue only allowed the pyroelectric coefficient to be measured up to a temperature of 500 °C.
Then, the pyroelectric coefficients found were used to accurately measure the temperature up to
500 °C.
3.1.1 Characterization of Pyroelectric Current Generated when Heated in Tube Furnace
A 1 mm thick sample of lithium niobate was selected for the development of the
pyroelectric high temperature sensor due to its ability to maintain its pyroelectric properties at high
temperature (Curie temperature of 1210 °C). The pyroelectric ceramic was inserted inside a tube
furnace where the heating rate could be controlled. The sensor and testing setup were prepared as
described in the previous chapter. At first, the lithium niobate sensor was inserted in the tube
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furnace, then tube furnace was programmed to reach 350 °C at a heating rate of 15 °C/min. The
maximum temperature reached at this setup temperature was 277 °C at a rate of temperature
change with time of .27 °C/s according to the thermocouple as seen in Figure 8 (a). According to
Equation (6), generated pyroelectric current must be around 2.5 nA but the picoammeter measured
a maximum current of 7.2 nA as shown in Figure 8 (b). The pyroelectric coefficient used for this
calculation was -8.5 x 10-5 C/m2 °C.

Figure 8: (a) Shows the temperature measured by thermocouple and its respective rate of
temperature change with time, (b) demonstrates how the current profile matches with the rate of
temperature change with time

As discussed in chapter 2, eddy current could have been induced into the pyroelectric
ceramic altering the picoammeter measurements. In order to block the induced magnetic field by
the coil of the tube furnace, an aluminum foil was placed around the inner circumference of the
tube as shown in Figure 9.
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Figure 9: Shows the aluminum foil used inside the tube furnace for magnetic shielding

Ideally, a ferromagnetic material with high relative permeability is desired to re-direct a
magnetic field to reduce its influence on the item being shielded. The shielding does not eliminate
the magnetic field but it finds an easier path for magnetic field to travel. Even though aluminum
is paramagnetic with a relative permeability of 1, it was enough to deviate the magnetic field away
from the pyroelectric sample at that temperature since its relative permeability is slightly higher
than air. Once the aluminum foil was placed, another test was conducted at a set temperature of
300 °C at a lower heating rate (10 °C/min) than the previous test. The maximum temperature
reached was 200 °C at a rate of temperature change with time of approximately .18 °C/s as seen
in Figure 10 (a). At .18 °C/s, a maximum pyroelectric current of approximately 2.3 nA as seen in
Figure 10 (b). If pyroelectric current is calculated, then 2.3 nA is the right current. Pyroelectric
current is mainly a function of the rate of temperature change with time. This test proves that any
induced current by the furnace can heavily deviate the temperature measurement by the
pyroelectric sensor.
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Figure 10: (a) Shows the temperature measured by thermocouple and its respective rate of
temperature change with time, (b) shows that current is generated according to rate of
temperature change, proving that aluminum blocked the undesired induced current

3.1.2 Temperature Measurement using the Pyroelectric Coefficient from Literature
The pyroelectric coefficient from the vendor is -8.5 x 10-5 C/m2 °C, at room temperature.
Any additional information regarding the change in pyroelectric coefficient with temperature was
not given. In order to be able to measure the temperature accurately, a variable pyroelectric
coefficient should be used when pyroelectric sample is exposed to different temperatures. Savage
et al calculated a non-linear pyroelectric coefficient, this was initially taken to measure the
temperature. The pyroelectric coefficient from literature can be seen in Figure 11 [24].
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Figure 11: Shows the non-linear pyroelectric coefficient from literature

As can be seen, the pyroelectric coefficient ranged from -4 x 10-5 C/m2 °C to -16 x 10-5
C/m2 °C at 25 °C to 450 °C, respectively. The pyroelectric coefficient at room temperature is lower
at room temperature than what provided by the vendor of the lithium niobate used in this study (8.5 x 10-5 C/m2 °C). The pyroelectric coefficient from literature and the one given by the vendor
were used to measure the temperature. The heating rate programmed in the tube furnace was 15
°C/min for this experiment, then the heating was programmed to stop the desired temperature was
reached. The setup temperatures used for this experiment were: 300 °C, 400 °C, 550 °C and 650
°C. Once the pyroelectric current output was gathered from the picoammeter, then temperature
was measured in two ways: by using constant pyroelectric coefficient from vendor and by using
the non-linear pyroelectric coefficient shown in Figure 11. Figure 12 demonstrates the results
obtained when the pyroelectric coefficients mentioned are used for temperature measurement.
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Figure 12: Shows measured temperature by the LiNbO3 when constant pyroelectric coefficient
from vendor and temperature dependent pyroelectric coefficient from literature are used. (a) Set
temperature of 300 °C and (b) 400 °C

As seen in the first two set of plots (set temperatures of 300 °C and 400 °C), the measured
temperature was accurately measured from 0-200 °C when the constant pyroelectric coefficient
from vendor was used and started to deviate after reaching 200 °C. When the variable pyroelectric
coefficient from literature is used, measured temperature deviates from the beginning. Therefore,
the next two set of plots (Figure 13 (a) and (b)) show the temperature measured by using -8.5 x 105

C/m2 °C from 0-200 °C and used the variable pyroelectric coefficient from literature to calculate

the temperatures above 200 °C.
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Figure 13: Shows the measured temperature by the LiNbO3 when variable pyroelectric
coefficient is used, and then compared with the thermocouple measurement. (a) Set temperature
of 500 °C and (b) 600 °C

As can be seen by utilizing a variable pyroelectric coefficient after reaching 200 °C, a lesser
deviation can be noticed when compared to thermocouple reading. Using the temperature
dependent pyroelectric coefficient alone and by combining it with the pyroelectric coefficient from
the vendor is not reliable. The manufacturing process of the lithium niobate could change from
manufacturer to manufacturer, that could change the pyroelectric and mechanical properties.
Therefore, in the next section, a pyroelectric coefficient measurement is done on the lithium
niobate used for more accurate results.
3.1.3 Pyroelectric Coefficient Measurement of LiNbO3 up To 500 °C
This section is dedicated to present the results of several tests made with the objective to
measure the temperature dependent pyroelectric coefficient of lithium niobate up to 500 °C. As
noticeable in the previous section, the pyroelectric coefficient measured in literature seems to be
off from the lithium niobate used in this study. It was also visible that by utilizing pyroelectric
coefficient of -8.5 x 10-5 C/m2 °C at room temperature (as provided by vendor) up to 200 °C
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measured the temperature accurately. This demonstrates that pyroelectric coefficient of -8.5 x 105

C/m2 °C does not change until higher temperatures are reached (>200 °C). Therefore, a

pyroelectric coefficient measurement is desired for higher temperatures. As mentioned in chapter
2, a dynamic method was used to measure the pyroelectric coefficient. In this test, the lithium
niobate sample is exposed to a series of heating and cooling cycling for a temperature range. The
heating and cooling rates should be the same in order to get the same positive and negative current
for heating and cooling, respectively. The sample was placed inside the tube furnace, which was
programmed to heat the sample at the same heating rate for up 8 cycles. A rod thermocouple was
used as temperature reference. Several tests were done with fluctuation temperatures of 50 °C as
set in the tube furnace. The tube from the furnace was open to the atmosphere at both ends to avoid
any pressure build up.
Figure 14 (a) shows an example of the temperature profile applied to the lithium niobate
with its corresponding rate of temperature change with time. For this specific test, the tube furnace
was setup to heat up to 500 °C within 35 minutes and then maintain the temperature constant for
20 minutes. During this 20 minutes of steady state temperature, the sample experienced no rate of
temperature change with time, resulting in no pyroelectric current generated by the sample.
Maintaining the sample at constant temperature was also done to assure the current went back to
zero. After 20 minutes, a heating and cooling cycling was programmed to cool down to 450 °C
and then go back to 500 °C for a total of 8 cycles at approximately a rate of ±0.12 °C/s. Figure 14
(b) shows the pyroelectric current generated by the lithium niobate and the rate of temperature
change with time experienced by the sample.

38

Figure 14: Demonstrate the dynamic method to measure the pyroelectric coefficient, (a) shows
the complete heating and cooling cycling induced to the LiNbO3 and its corresponding rate of
temperature change with time, (b) demonstrate the current generated proportional to the rate of
temperature change with time
As seen in Figure 14, the (dT/dt) is not exactly the same but the pyroelectric coefficient
can accurately be measured with a low margin of error. Table 4 show the pyroelectric coefficients
measured for the lithium niobate used in this study up to 500 °C.
Table 4: Shows the pyroelectric coefficients measured at different temperature ranges up to 500
°C
Temperature
Range (°C)
25-218
218-240
257-292
343-392
350-410
410-500

Pyroelectric Coefficient,
10-5, (C/m2 °C)
-8.5
-14.85
-18.74
-21.81
-23.50
-23.70

Measurement Method
Manufacturer Value
Dynamic Test
Dynamic Test
Dynamic Test
Dynamic Test
Dynamic Test

The dynamic method to measure the pyroelectric coefficient was only performed up to 500
°C since after this temperature the error increased due to undesired current that started to appear.
Figure 15 (a) shows the temperature profile read by the thermocouple and its respective rate of
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temperature change with time, Figure 15 (b) shows the pyroelectric current with its respective rate
of temperature change with time.

Figure 15: (a) Shows the thermocouple measurement with its respective rate of temperature
change with time, (b) shows the negative current that is induced when (dT/dt) is zero

As can be seen in Figure 15 (b) the pyroelectric current begins by increasing when the
lithium niobate sample is heated to approximately 550 °C, then when the temperature starts its
constant temperature steady state, the current drops to approximately -35 nA instead of going to
zero. After applying constant temperature to the sample, the tube furnace begins its heating and
cooling cycle. The current seen follows the rate of temperature change with time as it should but
never reached a positive value, instead it always stayed negative. For this reason, any further
attempts to characterize the pyroelectric coefficient at higher temperatures were stopped. The
following section talks about the attempt to characterize the induced current added to the sample
by the tube furnace.

40

3.1.4 Characterization of Induced Current by the Tube Furnace
As described in section (2.1.6), the tube furnace has an inductive coil that surround the tube
furnace where alternating current passes through it, becoming the heating source of the furnace.
The theory of this problem is that eddy currents can be induced into the pyroelectric material
altering the pyroelectric current measurement by the picoammeter. In order to overcome this issue,
experiments with non-pyroelectric ceramic material (alumina) was used to visualize the induced
current by the tube furnace. The aluminum foil that was placed around the tube furnace was
removed and replaced with a layer of stainless steel foil for better magnetic shielding. The
temperature used in the tube furnace was 650 °C to 550 °C, the test was done similarly to the test
of measurement of pyroelectric coefficient. The alumina sample used measured 25.4 mm by 25.4
mm with a thickness of .64 mm, electrodes were attached on top and bottom as seen in Figure 16.

Figure 16: Alumina sample used to measure the induced current by the tube furnace
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Alumina sample was initially heated and then left at constant temperature for an hour to
allow current to go to zero if necessary. Once the hour passed, the heating and cooling cycling
began as seen in Figure 17 (a).

Figure 17: (a) Shows the thermocouple measurement with its respective rate of temperature
change with time, (b) shows induced current by the tube furnace on a non-pyroelectric material
(alumina)

At the beginning of the test (the heating of sample) no current was generated as expected
since alumina has no pyroelectric properties. Once the furnace starts its constant temperature cycle,
then the picoammeter starts reading an increment of current of 5 nA and then goes down and start
increasing linearly again during steady temperature cycle. Once the furnace starts its cooling and
heating cycles, similar current peaks are produced just as seen in tests with lithium niobate but
with lower amplitudes. The comparison of measured current between the alumina and lithium
niobate can be seen in Figure 18 when exposed to the same heating and cooling conditions.
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Figure 18: Shows the measured current by the picoammeter of both LiNbO3 and alumina ceramic
when exposed to the same heating and cooling cycling (set temperature fluctuations of 650 °C
and 550 °C)

It is clear that the picoammeter is reading an undesired induced current as seen in the
alumina sample and doing an unexpected change in current to the lithium niobate. The following
step in this investigation was to use more magnetic shielding material around the tube to potentially
block the induced current going into the lithium niobate sensor. The tube furnace was set to do
temperature fluctuations of 650 °C to 550 °C after a cycle of constant temperature at 650 °C for
one hour. Three different tests were done with different number of stainless steel sheets: 1, 3 and
6. The current profile for all three tests can be seen in Figure 19 for comparison.
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Figure 19: Shows the current measured by the picoammeter on three tests with the same heating
and cooling conditions but different amount of stainless steel foil sheets used for magnetic
shielding

All three tests were done under the same heating and cooling conditions with the only
difference of number of shielding sheets used. It is clear that no pyroelectric current is altered
during the beginning of the test when the sample is heated. All three test the same generated current
(~ 5nA), but once the constant temperature cycle begins the current changes for all three tests. It
seems that the most affected test is the first one where only one sheet of stainless steel is used. The
current goes from 5 nA to -35 nA, while three sheets of stainless steel did a better job by going
from 5 nA to about -10 nA. The problem starts when the constant temperature cycle begins, this
means that AC current passing through the coil to maintain the temperature must be producing
undesirable induced current in the sample.
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3.1.5 Temperature Measurement using Calculated Pyroelectric Coefficient (up to 500 °C)
with LiNbO3
The previous section demonstrated that pyroelectric current is not changed during the
initial heating of the sample. Therefore, temperature measurements with the lithium niobate can
be done. The lithium niobate used for pyroelectric coefficient measurements is used for
temperature measurement. As previous tests, a rod thermocouple is placed right next to the lithium
niobate without touching to have a temperature reference for comparison purposes. The tube
furnace was then setup to reach different temperatures up to 500 °C, then the current generated
from the sample was used to calculate the measured temperature by the lithium niobate using
Equation (7) and compared with the thermocouple measurement. The pyroelectric coefficients
from Table 4 were used for temperature calculation. Figure 20 shows the temperature reading by
the thermocouples and the temperature measured by the pyroelectric sensor at three different
temperature settings.
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Figure 20: Temperature measured by the LiNbO3 sensor and the thermocouple in the tube
furnace at different set temperatures up to 500 °C
The tube furnace was setup to heat to desire temperature at 15 °C/min for all tests. Once
the desired temperature was reached, temperature was held constant for seconds before turning off
the tube furnace. In Figure 20 (a) the thermocouple measured a maximum temperature of 210 °C,
while at that same time the sensor measured 218 °C. A 4.31 % deviation was determined between
these points, deviations for the other temperature conditions up to 500 °C can be seen in Table 5.
It is shown that all deviations between the lithium niobate and thermocouple temperature
measurements are all within expected experimental uncertainties. These results demonstrate the
feasibility of using lithium niobate as a pyroelectric material for high temperature sensing.
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Table 5: Comparison between thermocouple measured temperature and temperature
measurements made with the LiNbO3 sensor at steady state conditions
Tube
Max. temperature
furnace set measured by thermocouple
temperature
at steady state condition
(°C)
(°C)

Max. Temp. measured by
LiNbO3 Sensor at steady
state condition (°C)

Deviation
(%)

300

209

218

4.31

400

280

274

2.10

550

411

409

0.40

650

497

500

0.60

3.2 Second Phase Experimental Results: Development of a Wireless Temperature Sensor
Based on Pyroelectric Ceramics
The second phase presents the results of the wireless temperature sensor by using a PZT
ceramic as the pyroelectric source. As mentioned before, the pyroelectric current generated by the
PZT is supplied to an electromagnet, which generates magnetic field that is read wirelessly by a
milligaussmeter. In order to induce the rate of temperature change with time, a hot plate was used.
Results of this phase start with characterization of magnetic field measured by the milligaussmeter
at different distances. Then a similar process of phase one was done, the temperature was measured
using the pyroelectric coefficient provided by the vendor. Then, temperature dependent
pyroelectric coefficient of PZT was measured up to 120 °C for more accurate wireless temperature
measurements. At the end, a core material is used in the electromagnet to amplify the
electromagnetic signal.
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3.2.1 Characterization of Magnetic Field Measurement using a Milligaussmeter
In order to be able to measure the temperature wirelessly, a milligaussmeter was used to
read the magnetic field generated by the built electromagnet. Several tests were done with a 1 mm
PZT sample to characterize the magnetic field at different distances to find the optimal distance
used for the system. The probe of a milligaussmeter was placed at the center of the electromagnet,
at the edge, at 1.27 cm and at 1.54 cm of the built electromagnet. A milligaussmeter was used since
the generated current from the PZT was measured in the micro amps range, thus generating low
magnetic field. Therefore, a gaussmeter capable of reading small quantities of magnetic field was
required. For this reason, only small gaps between the electromagnet and milligaussmeter’s probe
were possible. A PZT ceramic was placed on top of a hot plate to induce the rate of temperature
change with time, and a surface thermocouple was placed on the top surface of the PZT for
temperature reference. A plastic box was placed on top of the tube furnace, which protected the
sample from heat loss due to natural convection while also protecting the thermocouple from bad
temperature readings due to air. The hot plate was set to 200 °C, where the thermocouple read 146
°C as seen in Figure 21 (a).

Figure 21: (a) Shows the temperature measured by thermocouple and its corresponding rate of
temperature change with time, (b) shows the proportional generated current with dT/dt
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The 1 mm PZT sample generated about 2.50 µA at a maximum of 1 °C/s as seen in Figure
21 (b). Theoretically, the current generated at this rate of temperature change with time should be
about 2.10 µA which leads to an error of 16 %. The deviation can be due to the change in
pyroelectric coefficient with temperature, the theoretical current was calculated using -40 x 10-5
C/m2 °C. As mentioned previously, the magnetic field were measured at different distances from
the electromagnet (at the center, edge, 1.27 cm and 1.54 cm). Figure 22 shows the magnetic field
recorded by the milligaussmeter when this was placed 1.27 cm away from the electromagnet and
compared with analytical magnetic field.

Figure 22: Compares the magnetic field measured by the milligaussmeter and the analytical
magnetic field calculated based on pyroelectric current

As can be seen, the magnetic field is a function of current, leaving the physical parameters
of the electromagnet as constants, the experimental magnetic field follows the profile of the
generated current by the PZT as visible in Figure 22. The maximum recorded magnetic field by
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the milligaussmeter for this test was 1.46 mG, while theoretically, the magnetic field should be
1.05 mG when Equation (10) is used. The maximum error percentage between the analytical
magnetic field and experimental magnetic field is about 39 %. The difference between the
analytical magnetic field and experimental magnetic field can be caused by many factors. The
milligaussmeter is very sensitive to noise, readings can easily be altered by a movement of a
ferromagnetic object in the surrounding area. The area where the test is performed is isolated to
prevent any undesired detection of magnetic field noise. Before starting the test, the
milligaussmeter can detect noise in the environment that can fluctuate from 0-.15 milligauss. The
analytical magnetic field can be inaccurate as well since as seen in Equation (10) many parameters
come into play when this is calculated. The constant in Equation (11) is based on the physical
parameters of the electromagnet as well as the distance where the probe from electromagnet is
placed. All these measurements must be very precise in order get a more accurate calculation.
3.2.2 Wireless Temperature Measurement using Pyroelectric Coefficient from Vendor as
Constant
The pyroelectric coefficient of PZT was reportedly by the vendor to be -40 x 10-5 C/m2 °C
at 25 °C. As seen in phase one, the pyroelectric coefficient of lithium niobate did not change until
200 °C was reached. A similar behavior of pyroelectric properties was assumed to be seen.
Therefore, a constant pyroelectric coefficient was used to calculate the measured temperature by
the PZT wirelessly. The wireless temperature sensor was tested at three different set temperatures
(100 °C, 150 °C and 200 °C). The magnetic field generated by the electromagnet was captured at
a distance of 1.27 cm away from the edge of the electromagnet. Figure 23 show the comparison
between the measured temperature using experimental magnetic field, analytical magnetic field
and thermocouple reading at 100 °C, 150 °C and 200 °C, respectively.
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Figure 23: Temperature measured from thermocouple, experimental and analytical magnetic
field from PZT sensor at set temperatures of (a) 100 °C, (b) 150 °C and (c) 200 °C
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As can be visible, the deviation between the temperature measured wirelessly and
thermocouple are 22.50 %, 47.60 % and 47.70 % for 100 °C, 150 °C and 200 °C, respectively. The
deviation was taken from the maximum temperature measured from the thermocouple to the
temperature measured wirelessly, at the exact same time form the value from thermocouple
reading. The analytical temperature measured was calculated based on the analytical magnetic
field which is a function of the pyroelectric current from the PZT. Both measured temperatures
from experimental magnetic field and analytical magnetic field were calculated using pyroelectric
coefficient as constant (-40 x 10-5 C/m2 °C). As the temperature increased, the error percentage
increased as well. Therefore, a similar pyroelectric coefficient measurement technique is used as
done in phase one in order to be able to measure the temperature wirelessly more accurately.
3.2.3 Characterization of Pyroelectric Coefficient of PZT-5A
In order to sense the temperature with better accuracy, this section shows the results of
temperature dependent pyroelectric coefficient measurement of PZT-5A. A dynamic pyroelectric
coefficient measurement technique was applied to measure the pyroelectric coefficient of PZT. In
this test, the PZT sensor was subjected to experience cyclic heating and cooling with a constant
rate of temperature change with time. A 1 mm thick PZT ceramic with dimensions of 2.54 cm by
2.54 cm was prepared with high temperature resistive electrodes and leads. The PZT was placed
initially on top of a thermoelectric generator (TEG) for low temperature (25-46 °C), then a heating
pad was used for temperature ranges of (46-107 °C) and for higher temperature a heating gun was
used (107-122 °C). A thermocouple on top of the PZT sensor was used as temperature reference
for the pyroelectric coefficient calculation. Figure 24 show the temperature profile and current
generated by the PZT sensor with corresponding rate of temperature change with time (
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dT
),
dt

respectively. The pyroelectric coefficient of PZT at room temperature was measured to be 37.5x10-5 (C/m2 °C), which is not significantly different than the value provided by the
manufacturer (Table 2). Table 6 shows the temperature dependent pyroelectric coefficient of PZT
with different temperature ranges.
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Figure 24: Temperature profile of PZT with rate of temperature change with time b) Generated
current by PZT with corresponding rate of temperature change with time

Table 6: Temperature dependent pyroelectric coefficient of PZT using a dynamic measurement
technique
Temperature
Range (°C)
25-46
46-107
107-122

Pyroelectric Coefficient,
10-5, (C/m2 °C)
-40
-60
-71.84

Measurement Method
Manufacturer Value
Dynamic Test
Dynamic Test

3.2.4 Wireless Temperature Measurement using Measured Pyroelectric Coefficient
PZT sensor was tested at three different temperatures (100 °C, 150 °C and 200 °C). For the
first set, the hot plate was set to reach 100 °C and then cooled down naturally. A surface
thermocouple was place on the PZT to be used as a temperature reference. When the hot plate is
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turned on, the heat is transferred moderately rapid to the PZT sensor via heat conduction.
Therefore, a temperature change with time would result in generating a pyroelectric electric current
from the PZT sensor. The generated current was supplied to the electromagnet that induced a
magnetic field which was measured by the milligaussmeter at a distance of 1.27 cm apart from the
edge of the electromagnet. The tests were done repeatedly for 100 °C, 150 °C and 200 °C. The
temperatures were calculated using the pyroelectric coefficients found in the previous sections. As
shown in Figure 25, the PZT sensor shows a wireless sensing result in good agreement with the
thermocouple readings.
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Figure 25: Temperature measured from thermocouple, experimental and analytical magnetic
field from PZT sensor at set temperatures of (a) 100 °C, (b) 150 °C and (c) 200 °C
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The deviation between the temperature measured wirelessly and thermocouple are 1.78 %,
10.47 % and 2.70 % for 100 °C, 150 °C and 200 °C, respectively. The deviation between the
wirelessly sensed temperature and thermocouple reading might stem from the uneven temperature
distribution from the heating source. As shown in Figure 26 (a), the thermal image from an infrared
camera (Electrophysics PV320) of PZT on top of the heating source has shown relative uniform
temperature distribution during the beginning of testing. However, during the testing, the
temperature distribution of the PZT became uneven, as shown in Figure 26 (b). Therefore, the
temperature predicted by the PZT wireless sensor shows deviation with the thermocouple
throughout all tests. Set temperatures on the hot plate were never reached due to the thermal being
lost through the envelope of the heating source. Therefore, measured temperature from the PZT
sensor was compared to the temperature measured from thermocouple and not with the heating
source set temperature.

Figure 26: Thermal image of the PZT sensor during two different operating conditions a) before
starting the test b) during the test after certain time

56

3.2.5 Effect of using a Magnetic Core in Electromagnet
The pyroelectric coefficient of PZT has been successfully measured up to 120 °C and
temperature has been accurately measured wirelessly at a distance of 1.27 cm. In order to measure
the temperature at a longer distance, a ferromagnetic material is used to magnify the magnetic field
and make it detectable by the milligaussmeter. The electromagnet used for previous results was
accidently destroyed and a new electromagnet has been built. The new electromagnet has 7000
turns of wire around an iron rod of 19 mm in diameter. Ass with the previous tests, the PZT was
connected in series with the picoammeter and electromagnet. The sample was placed on top of the
heating plate to induce the temperature difference on the PZT. The tests were done at 1.27 cm,
2.54 cm and 3.81 cm away from the electromagnet as seen in Figure 27.

Figure 27: Demonstrates where the probe of the milligaussmeter was placed for all three tests. (a)
1.27 cm, (b) 2.54 cm and (c) 3.81 cm away from the edge of electromagnet

The three tests were done under the same hot plate’s heating rates. Therefore, the rate of
temperature change with time was similarly apply to all three tests meaning similar current was
generated by the PZT delivering approximately about 5 µA at around 1.6 °C/s as seen in Figure
28.
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Figure 28: Shows the similar profiles of rate of temperature change with time and pyroelectric
current by PZT

The electromagnet body was glued to the core material; thus, the movement of iron rod
was impossible. The magnetic field when no core inside the electromagnet was analytically
calculated and then compared with the experimental magnetic field. Figure 29 shows the
magnification of the magnetic field when a core is used in comparison with the analytical magnetic
field with no core.
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Figure 29: Shows the analytical magnetic field when no core is used and the experimental
magnetic field measured by the milligaussmeter when a core is present

As can be seen, the magnetic field was increased about 2.54 times when compared to the
analytical magnetic field. Therefore, this number is used as the magnetic permeability of the core
material and utilized in Equation (11) to calculate the constant used for the calculation of the
temperature as described in Equation (13). The analytical magnetic field is based on the physical
parameters of the electromagnet and the current generated by the sensor ceramic (PZT). The
analytical magnetic field is not expected to be as accurate as if experimentally tested with the
absence of core material.
The maximum magnetic fields were detected by the milligaussmeter: 6.80 mG, 3.31 mG
and 2.02 mG for 1.27 cm, 2.54 cm and 3.81 cm, respectively as seen in Figure 30. These values
were used to measure the temperature experienced by the PZT wirelessly as seen in Figure 31 for
(a) 1.27 cm, (b) 2.54 cm and (c) 3.81 cm away from the electromagnet.
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Figure 30: (a) Compares the magnetic field measured when a core material is used, with
analytical magnetic field when no core is used. (b) Compares the measured magnetic field at
different distances when a core material is present in the electromagnet
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Figure 31: Shows the temperature measured using experimental, analytical magnetic field and
thermocouple measurement at (a) 1.27 cm, (b) 2.54 cm and (c) 3.81 cm away from the
electromagnet

As demonstrated in the figures, the temperature measured analytically, by the
thermocouple and wirelessly don’t mark the same. The deviation from temperature measured
wirelessly from the thermocouple measurement was found to be 4.12 %, 13.40 % and 10.5 % for
1.27 cm, 2.54 cm and 3.81 cm, respectively. When the analytical measurement gave deviations of
10.90 %, 5.00 % and 2.79 % for 1.27 cm, 2.54 cm and 3.81 cm, respectively. The analytical
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measurement is based on the current generated by the PZT sample when exposed to the rate of
temperature change with time produced by the hot plate. The analytical measurement can be the
most accurate when compared with the wirelessly magnetic field, which can be altered easily with
electromagnetic noise. The thermocouple reading focuses only on a small point on the surface of
the PZT while the PZT sensor measures the temperature that the entire ceramic is experiencing as
demonstrated in Figure 26.
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Chapter 4: Conclusion
4.1 High Temperature Sensing using Lithium Niobate Ceramic
A high temperature sensor was developed using the pyroelectric properties of a lithium
niobate, which can be used at high temperature due to its high Curie temperature (1210 °C). The
lithium niobate was commercially available, a 1 cm by 1 cm sample was cut from the purchased
lithium niobate plate and painted with conductive coating. Lithium niobate is a pyroelectric
material that can be used as a temperature sensing material due to its instantaneous polarization
when it’s exposed to a rate of temperature change with time; thus generating an electrical current.
The lithium niobate was placed inside a tube furnace along with a K-type rod thermocouple
for temperature reference. The sensor was connected in series with a picoammeter, where the
electrical current was captured to be used for temperature calculation. Initially, the current
generated from the lithium niobate was characterized by comparing the experimental current
output with the theoretical one. It was noticed that when the tube furnace was set to higher
temperatures (>350 °C), an undesired induced current in the sensor was measured by the
picoammeter. Aluminum foil successfully blocked the induced current up to a set temperature of
550 °C.
Once the pyroelectric current and induced current were characterized, high temperature
measurements with the sensor were done. A temperature dependent pyroelectric coefficient from
literature was used for high temperature measurement. The pyroelectric coefficient ranged from 4 x 10-5 C/m2 °C to -16 x 10-5 C/m2 °C for 25 °C to 450 °C, respectively. The manufacturer of
lithium niobate used in this study provided the pyroelectric coefficient at 25 °C to be -8.5 x 10-5
C/m2 °C. These two pyroelectric coefficients were used to measure the temperature, resulting in
higher deviation when variable pyroelectric coefficient (from literature) was used from 0 to 200
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°C. Constant pyroelectric coefficient lead to better accuracy up to 200 °C. It was noticed that the
pyroelectric coefficient from the vendor was correct (0-200 °C) but changed as temperature
increased. A dynamic method was used to measure the pyroelectric coefficient. Temperature
dependent pyroelectric coefficient of lithium niobate was found to be -8.5 x 10-5 C/m2 °C to -23.7
x 10-5 C/m2 °C from room temperature to 500 °C, respectively.
The calculated pyroelectric coefficients were used to measure the high temperature up to
500 °C. The tube furnace was set at four different temperatures 300 °C, 400 °C, 550 °C and 650
°C. The measured temperature by the sensor was then compared to thermocouple measurement:
4.30 %, 2.10 %, 0.40 % and 0.60 % deviation from 209 °C, 280 °C, 411 °C and 497 °C,
respectively. This study proves that lithium niobate can be used as a high temperature sensor up to
500 °C.
4.2 Wireless Temperature Sensing using PZT Ceramic
A wireless temperature sensor system was developed using a pyroelectric ceramic and an
electromagnet. The sensor was placed on top of a heating source to induce a temperature change
with time. The generated current from PZT was supplied to an electromagnet to induce a magnetic
field. Initially, the magnetic field was characterized at different distances away from the
electromagnet to know the longer distance the milligaussmeter could detect.
As in the previous phase, the pyroelectric coefficient of PZT was provided by the vendor
(-40 x 10-5 C/m2 °C at 25 °C). This coefficient was used to measure the temperature wirelessly at
a distance of 1.27 cm away from the electromagnet. The deviation between the temperature
measured wirelessly and thermocouple are 22.50 %, 47.60 % and 47.70 % for 100 °C, 150 °C and
200 °C, respectively. Since deviation was high, temperature dependent pyroelectric coefficient
from PZT was measured similarly as done with the lithium niobate in phase one.
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A dynamic method was used to measure the pyroelectric coefficient of PZT, several
heating sources were used in this case. The PZT was placed initially on top of a thermoelectric
generator (TEG) for low temperature (25-46 °C), then a heating pad was used for temperature
ranges of (46-107 °C) and for higher temperature a heating gun was used (107-122 °C). These test
lead to coefficients of -40 x 10-5 C/m2 °C to -71.84 x 10-5 C/m2 °C for temperatures of 25 °C to
122 °C. These pyroelectric coefficients were used to measure the temperature wirelessly for hot
plate set temperatures of 100 °C, 150 °C and 200 °C. The deviation between the temperature
measured wirelessly and thermocouple are 1.78 %, 10.47 % and 2.70 % for 100 °C, 150 °C and
200 °C, respectively.
In order to improve the distance of wireless temperature measurement, a ferromagnetic
core in rod form was placed inside the electromagnet to magnify the magnetic field. The magnetic
field was magnified and three different test were done at similar heating rate conditions and same
set temperatures on hot plate. The difference between these three tests is the distance where the
milligaussmeter’s probe was placed away from the electromagnet. The deviation from temperature
measured wirelessly from the thermocouple measurement was found to be 4.12 %, 13.40 % and
10.5 % for 1.27 cm, 2.54 cm and 3.81 cm, respectively. These tests demonstrated that temperature
can be measured wirelessly at a maximum distance of 3.81 cm away from the electromagnet, at an
approximate maximum temperature of 175 °C with a maximum deviation of 13.40 %.
IR images were taken on the PZT sample to check for temperature distribution on the PZT
when heating plate is turned on. This test proves that temperature measured by the thermocouple
can be different from measured from the pyroelectric ceramic, which should take some
responsibility to deviation found between temperature measured wirelessly and that from
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thermocouple. Overall, this study demonstrates the feasibility of using PZT ceramic for wireless
temperature sensor.
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